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ABSTRACT

Under the terms of Contract DA 44-177-AMC-225(T) Task II, Hughes Tool
Company - Aircraft Division has completed the preliminary design study
of a rotor system for a Hot Cycle Heavy-Lift Helicopter,

During the study program, extending from March 1965 to August 1966,
accomplishments were as follows., An analytical procedure was developed
that permits calculation of fully coupled blade response and dynamic sta-
bility characteristics. Parametric and configuration studies to reflect
basic characteristics of the rotor system on the design characteristics
and mission requirements were conducted. Design layouts, structural
design studies, and detailed weight analyses were made. The design and
analysis were limited to the integrated lift-propulsion system with empha-
sis on the rotor system, This effort resulted in the selection, preliminary
design, and determination of performance of the optimum rotor for the
heavy-lift mission requirements. Also, a fully coupled rotor dynamic
analysis of the optimum rotor was made and a full-scale mockup of the
rotor hub area was constructed.

The Hot Cycle heavy-lift helicopter with the selected rotor as designed
exceeds the performance requirements for a 20-ton heavy-lift mission

by as much as 6 tons, a 12-ton transport mission by approximately 2 tons,
and a 1,500-nautical-mile ferry range by as much as 600 nautical miles.
Fuel utilization (namely, ton-miles of payload per pound of fuel) proved

to be outstanding.
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FOREWORD

This report was prepared in accordance with Task II of Contract

DA 44-177-AMC-225(T) for the U. S. Army Aviation Materiel Labora-
tories. The contract became effective on 17 March 1965. Work was
completed on 31 August 1966. The report summarizes the preliminary
design program, including the parametric studies and an integrated pre-

liminary design.

The work was accomplished by Hughes Tool Company - Aircraft Division
in Culver City, California, under the direction of Mr. H, O. Nay,
Director of Aeronautical Engineering, and Mr. C. R. Smith, Manager,
Hot Cycle Department, and under the direct supervision of Mr. J. R.
Simpson, Project Engineer, Hot Cycle Heavy-Lift Helicopter.
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SUMMARY

A parametric study and preliminary design program has defined the con-
figuration and characteristics of a rotor for a 12- to 20-ton heavy-lift
helicopter utilizing the Hot Cycle propulsion system, The objectives of
the program were as follows:

l. Develop an analytic procedure that will permit calculation of
fully coupled blade loads and dynamic stability characteristics,

2. Conduct parametric and configuration studies to determine the
optimum Hot Cycle rotor system for a 12- to 20-ton-payload
heavy-1lift helicopter and investigate, on a limited basis, the
features required to increase its cruise speed by a substantiai
amount,

3. Complete the preliminary design of the selected optimum rotor,
including design layouts, structural design and weight analysis,
stability and control studies, and static and dynamic loads
analysis,

4., Construct a full-scale mockup of the rotor hub.

To accomplish the above objsctives, computer programs w.>. developed
for the fully coupled rotor dynamic analysis and the parametric study.
For the analysis, a digital computer program that has the capability of
solving the full range of helicopter rotor dynamic problems was developed
and checked against flight test data. A nonlinear representation of blade
loads, including lift and moment hysteresis, is incorporated in the pro-
gram to provide a more realistic analysis of fully coupled biade loads in
forward flight, The development of this program has been summarized
and previously submitted (Reference 1). For the parametric study, a
computer program to determine the optimum rotor was developed to con-
sider the effect of variables such as blade radius, chord, thickness, tip
speed, blade spar location, duct shape, and aircraft configuration,
Development and results of this program have been previously reported
(Reference 2).

The results of the parametric study were reviewed, and a rotor was
selected that was considered most nearly optimum for all the aircraft
configurations studied. The selected rotor is a three-bladed, fully artic-
ulated rotor with 90-foot diameter and 60-inch chord. The study also
included, in addition to the articulated rotors, configurations with

-0y






in-plane chordwise restraint (akin to a rigid rotor). The rigid type of
rotor investigated weighed almost twice as much as the articulated rotor
of the same size, Design layouts, structural design and weight analysis,
and stability and control studies were completed on this selected rotor,
The basic characteristics of this rotor are shown in Table IX in the Rotor
Section,

The rotor is powered by the Hnt Cycle propulsion system, As shown in
Figure 2, the Hot Cycle syster . transmits power pneumatically by light-
weight ducting that directs high-energy gas from turbine engines to the
rotor blade tips to drive the rotor as a large reaction turbine, The Hot
Cycle rotor is suited to the transport and heavy-lift missions of 12 to 20
tons and up, The favorable characteristics of this rotor are the direct
result of the simplicity and light weight inherent in the Hot Cycle propul-
sion system, which eliminates the weight and complexity of power tur-
bines, shafts, large gearboxes, and clutches, Since there is no rotor
shaft drive torque reaction on the fuselage, there is no need for a large
antitorque tail rotor; directional . untrol is provided by a small yaw fan
located in the vertical stabilizer, The resulting low empty weight, and
thus high payload to empty weight ratio, cannot be attained by the conven-
tional shaft-driven rotors with their inherently heavier complex dynamic
components. A plot of useful load/empty weight versus useful load
(Figure 3) clearly shows an ever-widening gap in favor of the Hot Cycle
syste 2 over the shaft-driven concept as useful load is increased,

To demonstrate the adaptability of the Hot Cycle principle, the selected
optimum rotor in this study is shown installed on a number of helicopter
configurations: the minimum-size streamlined conventional fuselage
(config'.vation 2) carrying al. cargo externally, a larger conventional
streamlined fuselage with a 12-ton internal capacity (configuration 3),
and a crnne type (configuration 4) with the capability to carry payloads
externally or in pods. In addition, the larger conventional fuselage con-
figuration is also shown as a compound helicopter (configuration 5), so
that the features required and the benefits obtained by substantially
raising the cruise speed by this means can be identified. The parametric
study also included A configuration 1 that was identical with configuration
4 except that a pod was included in the empty weight, Configuration 1
was not considered in the preliminary design, because it was not com-
patible with other heavy-lift studies for comparison purposes,

The selected optimum rotor has overload payload capabilities consider-
ably in excess of those payloads specified in {the heavy-lift requirements,
as can be scen in Table I. The characteristics of this Hot Cycle rotor
provide good hovering and cruise flight efficiency, low noise level, lcw
downwash velocities, and good flying qualities,

3
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TABLE |

PERFORMANCE AND WEIGHT SUMMARY

Heavy-l.ift
Performance
Item Requirements

Hot Cycle Heavy-L.ift

Capability

Confijuration

2

3

4

Performance

Transport mission (100-nmi radius)
Hover capability with 12-ton 6, 000 ft
payload (95°F OGE)
Payload capacity (6,000 ft 95°F) 12 ton
Outbound cruise speed (12-ton 110 kn
payload)
Inbound cruise speed (no payload- 130 kn
optimum)

Heavy- hift mission (20-nmi radius)
Hover capability with 20-ton SL
payload (std OGE)
Payload capability (S1. 59° OGE) 20 ton
Outbound cruise speed 95 kn
(20-ton payload)
Inbound cruise speed (no payload) 130 kn

Ferry mission (at 2-g load factor) 1,500 nmi

Max ferry range (STOL takeoff with =
load factor reduced to approx 1. 75g)

Max speed capability (normal power -
at lightweight condition)

Weights (1b)

Empty weight

Gross weight
Transport mission (12-ton payload)
Heavy-lift mission (20-ton payload)

Payload/empty weight ratio
Transport mission (max payload)
Heavy-lift mission (max payload)

H, 200

14,12
110

134

6,000

26. 25
104

134
2,172
2,308

179

19, 599

52,260
64, 280

N —
~N &

7,800

13.79
137%

132

5,000

25, 131
103

132
2,040
2,203

178

20,570

52,234
65, 481

N =
" W

7,30

13,0
114

130

4,90

25,1
98

130
1,90
2,03
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The study of the compound helicopter was undertaken on a limited basis
to identify the compromises in weight, size, complexity, and perform-
ance required to attain a substantial increase in cruise speed, Com-
pounding was accomplished by the addition of wings and ducted fans for
thrust, The study showed that the compound helicopter will provide a
substantial increase in cruise speed and ferry range., The additional
complexity of the compound is confined primarily to the wing and ducted
thrust-fan installations, and the required implementation is well within
the state of the art.

HTC-AD experience in the design and engineering of the Hot Cycle heli-
copter spans more than 10 years, The feasibility and attractiveness of
the Hot Cycle propulsion system have been established through an exten-
sive research and development program that culminated in the successful
flight testing of the U.S. Army AVLABS XV -9A Hot Cycle Research
Aircraft shown in Figure 4, During 160 hours of rotor operation and 35
hours of flight testing that was completed in August 1965, structural and
mechanical design, weights, and cooling adequacy were verified. Gas
leakage was found to be negligible (less than 1/5 of | percent) and noise
was determined to be essentially equal to that of the quietest type of
VTOL aircraft (turboshaft helicopter). The large reduction in mainte-
nance requirements promised by the Hot Cycle system was illustrated by
the low logistical requirements during XV-9A flight operations.
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Figure 4, XV-9A Hot Cycle Research Aircraft,




STUDY REQUIREMENTS

The preliminary design parametric and configuration study is based o
the following vehicle and mission requirements.

VEHICLE

The vehicle shall have the following characteristics:

lo

5

6.

Turbine power.

Safe autorotation at design gross weight.

Design vertical limit load factor of 2. 5 to -0.5 g at design g:
weight. * For the integrated preliminary design, the design
weight is interpreted to be the heavy-lift mission gross weig
carrying a 20-ton payload.

Crew minimum of one pilot, one copilot, and one crew chief.
All components to be designed for 1,200 hours between majo
overhauls and 3, 600-hour service life.

Multiengine installation.

MISSIONS - HELICOPTER

The aircraft shall be able to perform the following missions:

l.

Transport mission

Payload: 12 tons (outbound only)

Radius: 100 nautical miles

Cruise speed: 12-ton payload, 110 knots

Cruise speed: no payload, 130 knots

Hovering time: 3 minutes at takeoff; 2 minutes at midpc
Reserve fuel: 10 percent of initial fuel

Hover capability: 6,000 feet 95°F (OGE)

Cruise altitude: sea level standard atmosphere

Fuel allowance for start, warmup, and takeoff per
MIL-C-5011A

i (20 SR eL BNQY GERR

*For the parametric study, the design gross weight was taken as the
transport mission gross weight, with a resulting design limit load f{:
of +2. 75 for compatibility with the ferry mission load factor of 2. 0.



Heavy-lift mission

oaE foney &

- ega Mn

Payload: 20 tons (outbound only)

Radius: 20 nautical miles

Cruise speed: 20-ton payload, 95 knots

Cruise speed: no payload, 130 knots

Hovering time: 5 minutes at takeoff; 10 minutes at destina-
tion (with payload)

Reserve fuel: 10 percent of initial fuel

Hover capability: sea level 59°F (OGE)

Cruise altitude: sea level standard atmosphere
Fuel allowance for start, warmup, and takeoff per
MIL-C-5011A

Ferry mission

a.

b.
c.

d.
e.
fie

Ferry range: 1,500 nautical miles (no payload, STOL
takeoff)

Reserve fuel: 10 percent of initial fuel

Fuel allowance for start, warmup, and takeoff per
MIL-C-5011A

Minimum design load factor of 2.0

Best altitude for range

Best speed for range

MISSIONS - COMPOUND HELICOPTER

The following missions were selected for the compound study:

1.

Transport mission

SLGEOL B

0

Payload: both ways, weight to be determined

Radius: 200, 300, and 500 nautical miles

Cruise: 225 knots {(minimum)

Hovering time: 4 minutes at takeoff 2 minutes at destina-
tion (with payload)

Reserve fuel: 10 percent of initial fuel

Hover capability

Basic Hover OGE - initial takeoff at sea level, 59°F;
cruise at sea level and best altitude

Altitude Hover OGE - initial takeoff at 6, 000 feet, 95°F;
cruise at sea level and best altitude

Overlcad Initial running takeoff at sea level, 59° F; hover
OGE at destination at sea level, 59° F; cruise at
best altitude and, alternatively, at sea level



-

2. Ferrv mission

el LG

Payload: nonc

Vcruise: for best range

Cruise altitude: for best range

Range: to be determined

Fuel rescrve: 10 percent of initial fuel
Initial takeoff: STOL, sea level, 59°F



AIRCRAFT CONFIGURATIONS STUDIED

A wide range of aircraft configurations has been considered in order to
show the adaptability of the Hot Cycle rotor to any configuration that might
be dictated by operational requirements. By installing the same rotor and
propulsion system on the different airframes, the effect of configuration
on mission effectiveness can be seen. A brief description of each of the
helicopter configurations considered is given in the following paragraphs.

MINIMUM-SIZE CONVENTIONAL FUSELAGE (Configuration 2) (Figure 5)

This configuration utilizes a conventional streamlined fusclage sized to
carry the ferry fuel internally. A top-mounted engine installation has
been utilized to reduce frontal area. This configuration has been included
in the study because it represents the configuration having the lowest
empty weight, highest payload-to-empty-weight ratio, and the longest
ferry range capability. It is well to note that this configuration has the
ability to meet the mission requirements with a rotor smaller than the
selected optimum rotor and at a substantially lighter empty weight. The
cargo compartment is approximately 6-1/2 feet wide, 7 feet high, and 45
feet long, and will accommodate six standard 54-by-88-inch pallets.
Approximately 7 tons may be carried internally at a 10-pound-per-cubic-
foot loading. Structural provisions have been included for the 7-ton inter-
nal load, though mission performance has been determined based on
carrying the transport and heavy-lift mission payloads externally.

CONVENTIONAL FUSELAGE WITH 12-TON INTERNAL CAPACITY
(Configuration 3) (Figure 6)

A conventional streamlined fuselage has been used on this configuration,
sized to carry 12 tons internally (at 10 pounds per cubic foot). The
cargo compartment is approximately 8 feet wide, 7 feet high, and 46 feet
long, and will accommodate six standard 88-by-108-inch pallets. The
engines have been shoulder-mounted for accessibility and for ease of
converting this configuration into a compound helicopter. Performance
of this configuration has been determined assuming the transport mission
payload to be carried internally and the heavy-lift mission payload
externally.

CRANE-TYPE (Configuration 4) (Figure 7)

This configuration is a crane type utilizing a straddle gear and sized to
accommodate a pod with a cargo compartment 10 feet wide, 9 feet high,

10
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and 27 feet long. The cross section dimensions were chosen to be the
same as those of the C-130 airplane cargo compartment to permit direct
reloading between vehicles. The transport and heavy-lift payloads were
assumed to be carried externally for the determination of performance.
The fuel has been assumed to be carried in a faired pod for the ferry
mission,

COMPOUND HELICOPTER (Configuration 5) (Figure 8)

The study of the compound helicopter was undertaken on a limited basis
to identify the compromises in weight, size, complexity, and perform-
ance required to attain a substantial incrcase in cruisc spced. Config-
uration 5 is identical with the configuration 3 helicopter (conventional
fuselage, 12-ton internal capacity) except that wings and ducted fans for
thrust have been added for operation as a compound helicopter. To fly
as a compound, the high-energy gas is diverted from the rotor to the
ducted fans, with the wing acting to unload the rotor. The increased
speed of the compound resulted in an appreciably higher productivity than
that achieved by the configuration 3 helicopter.

ENGINE INSTALLATION

Two engine installations were considered in the parametric study, one
utilizing two GE1/J] engines and the other utilizing four GE T64/S4B

engines.

11
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PERFORMANCE

The performance of the Hot Cycle heavy-lift helicopter meets all mission
requirements and exceeds most of the specified requirements by a sub-
stantial margin, as can be seen in Table I. Substantial improvement in
fuel utilization efficiency over the best current turbine-powered helicop-
ters is attained by the Hot Cycle propulsion system.

The selection of the optimumn rotor was based on the results of the para-
metric study, wherein the effect of the many rotor variables was evaluated
on several helicopter configurations. The rotor considered most nearly
optimum for all the configurations studied was selected for the prelimi-
nary design. As can be seen by comparing the parametric study and pre-
liminary design results (Tables I and XI), the performance of each air-
craft configuration with its optimum rotor is somewhat superior to the
performance of the same configuration utilizing the rotor selected for the
preliminary design. Also contributing to the differences in performance
are refinements to the weight and power-available equations as used in

the parametric study. Subsequent to completion of the parametric study,
the 20-ton heavy-lift mission was designated as the primary mission.

This has resulted in a small increase in empty weight, as the design gross
weight for the parametric study was initially assumed to be the transport
mission gross weight. —

PERFORMANCE COMPUTATIONS

All power-required computations are based on standard computation meth-
ods developed by NASA, with additional corrections for blade stall and
drag divergence. A complete discussion of the computation method is
presented in Reference 3.

The induced power in hovering is computed using simple momentum theory,
with corrections for tip loss, planform, and twist. The download on the
fuselage is also estimated from the induced velocity. The profile power

is based on the NACA polar for a 12-percent thickness airfoil, with cor-
rections for blade thickness and practical construction.

The helicopter forward flight power required is computed using the NACA
charts given in Reference 4. The profile power of these charts is cor-
rected for thickness and practical construction. Profile power increase
as a result of retreating tip stall and advancing tip drag divergence is also
included, with the aid of NACA whirl tower model data, Reference 5.

21
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The flight envelope, Figure 9, presents the maximum and minimum air-
speeds as limited by military power or retreating tip stall. The retreat-
ing tip stall speed is determined as the speed at which the retreating tip

drag coefficient is equal to 0. 0(

Figure 10 presents the hover ceiling for standard ambient conditions in
and out of ground effect as a function of gross weight. Takeoff power was
used for the hover ceiling computation. A rotor height equal to one-half
rotor diameter was assumed for the in-ground-effect calculations.

Figure 11 presents the maximum rate of climb with military power as a
function of altitude.

Figure 12 shows the payload-range curve for sea level standard and 6, 000-
foot 95°F hover conditions. Payload is outbound only: no return and no
reserve fuel.

PARASITE DRAG AREA ESTIMATION

Estimates were made of the parasite drag areas of the basic helicopter
configurations with alternate hub arrangements. These estimates were
based on References 6 and 7 and on sea level 59°F conditions, with velo-
city in the 95- to 130-knot range and gross weight in the 55, 000- to

90, 000-pound range. Results are presented in Table IIL

The assumptions are as follows:

1. Fuselage angle of attack remains sufficiently low for all condi-
tions to take it as zero for drag estimates.

2. Empennage parasite drag area (includes trim) constant at 3. 98
square feet.

3. Items such as rotor hub, pylon fairing, and landing gear have the
same drag when used on fuselages of different configuration; that
is, interference effects are taken as the same.

4. All fuselage corners have a radius at least 20 percent of width
(or height). This assures lowest drag.

5. External payloads are constant-size cubes with a cargo density
of 30 pounds per cubic foot; therefore, 12-ton payload = 9. 3 x
9.3x9.3. A 50-foot support cable is used. §

6. Parasite drag areas for the compound helicopter include addi- {
tional drag values of 0.0l times wing area, 0.6 square foot for
fuselage-wing interference, 2 percent of fan thrust for nacelle
drag, and 2 percent of fan thrust for nacelle-wing interférence.

23
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DISC LOADING

Though not a required part of the study, disc loadings were taken into
consideration. The selected optimum rotor installed on the airframe con-

figurations considered in this study results in disc loadings of approxi-
mately 10 pounds per square foot for the heavy-lift mission (20-ton pay-

load). Even taking advantage of the large overload capability of the
optimum Hot Cycle rotor for the heavy-lift mission results in disc load-
ings of approximately 12 pounds per square foot. However, this is an
external-load condition and downwash hazards are minimized, since the
actual disc loading and resulting downwash velocity are very low during
hookup and until lift-off. For the transport mission, disc loadings are
much more modest.

FUEL UTILIZATION

The results of the fuel consumption study indicate that a breakthrough for
the economy of helicopter transports can be expected using the Hot Cycle
propulsion system. The fuel utilization (payload ton-mile/pound of fuel)
was calculated for the various configurations and missions and is shown
in Figures 13 and 14 for the heavy-lift and transport missions, respec-
tively. Fuel utilization based on payload, as opposed to specific fuel
consumption, fuel flow/gross weight, and other parameters, is of direct
importance for estimating actual fuel costs of specific helicopter opera-
tions. These comparisons indicate that for heavy-lift payloads the Hot
Cycle offers substantial improvements over the best present turbine-
powered helicopters (References 8 through 12). This excellent fuel utili-
zation efficiency of the Hot Cycle helicopter is mainly the result of its
excellent payload/empty weight ratio, the empty weight of the helicopter
being greatly reduced.
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STABILITY AND CONTROL CHARACTERISTICS

This section presents the stability and control characteristics of three
basic configurations considered for the Hot Cycle heavy-lift helicopter
shown previously in Figures 5, 6, and 7.

Efficient utilization of the heavy-lift helicopter, particularly in the exter-
nal load-carrying conditions requiring pickup, transport, and precise
placement of large and heavy loads, dictates that the helicopter possess
good handling characteristics under various flight conditions. To ensure
this capability of precision flying for the Hot Cycle heavy-lift helicopter,
the stability and control requirements of MIL-H-8501A have been con-
sidered as a minimum for this design study., The rotor system has been
designed to incorporate large blade-flapping hinge offset (4, 2-percent
blade radius) to provide the high control power and rotor damping neces-
sary for the required good handling characteristics,

In summary, the stability and control analysis has shown the following:

1. With the proposed Hot Cycle rotor design, the heavy-lift
helicopter in hover and low-speed flight will possess excel-
lent handling characteristics in pitch and roll, superior to
those required by MIL-H-8501A,

2. For cruise flight, the horizontal stabilizer has been sized to
provide good longitudinal static and maneuver stability
characteristics,

3. The vertical stabilizer has been sized to provide stable direc-
tional stability in cruise flight, In hover and forward flight, the
proposed yaw fan thrust of 700 pounds per inch of pedal will
provide excellent yaw response, superior to that required by

MIL-H-8501A, .
Since the handling characteristics of each configuration are interdepend-
ent on its loading condition (internal or external loading), the two primary 4
mission modes have been considered for eack configuration. The configu- }
rations and loading conditions investigated for this design study are as
follows:

=i

1. Minimum streamline fuselage (close packaged engines on top
of the fuselage - configuration 2)

3i
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a, 20-ton external loading (single-point sling)
b, 7-ton - internal loading capability

2, Streamline fuselage with laterally-located pylon-mounted
engines (configuration 3)

a, 20-ton external loading (single-point sling)
b, 12-ton transport - internal loading

3. Crane-type fuselage (configuration 4)
20-ton external loading (single-point sling)

Tables 1II and IV present the helicopter dimensional data (common to all
configurations) and mass properties used in the stability and control
analysis of the design configurations considered for the Hot Cycle heavy-
lift helicopter.

HOVER FLIGHT CHARACTERISTICS

HANDLING CHARACTERISTICS IN PITCH

Table V presents the hover handling characteristics in pitch for the three
basic configurations of the heavy-lift helicopter, The results are also
compared with the handling requirements of MIL-H-8501A., As can be
seen, the angular velocity damping of the heavy-lift helicopter is superior
to that required by MIL-H-850]A for all configurations investigated. It
can also be seen that the angular response in pitch per inch of control
displacement is three to four times greater than the MIL-H-8501A
requirements, For full control displacement from trim, the ratio of
angular response available to that required is even greater, This is
primarily because of the high control power provided by the large blade
flapping hinge offset of the proposed Hot Cycle rotor design, The combi-
nation of high rotor damping and control power will provide the heavy-lift
helicopter (HLH) with excellent handling characteristics in pitch,

HANDLING CHARACTERISTICS IN ROLL

Table VI presents the hover handling characteristics in roll for the
heavy-lift helicopter and compares the results with MIL-H-8501A,
Again, as in pitch, the angular velocity damping in roll for the HLH is
far superior to that required by MIL-H-8501A. In fact, for all configu-
rations investigated, the damping in roll is approximately twice that
required by MIL-H-8501A,
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TABLE III
DIMENSIONAL DATA

Rotor

Diameter

Disc area

Chord

Solidity

Blade twist
Number of blades
b3
Flapping hinge offset (% blade radius)
Rotor shaft tilt, line L to fuselage WL

Centrifugal force of rotor blade (y = 750 ft/sec)

Airfoil section

Rotor tip speed, hovering
Rotor tip speed, forward flight

Horizontal Tail

Span

Tip chord

Root chord

Area

Leading edge sweep

Geometric aspect ratio

Incidence of tail with respect to fuselage WL
Airfoil section

Vertical Tail

Span

Tip chord

Root chord

Area

lLeading edge sweep
Geometric aspect ratio
Airfoil section

Control Travel

Longitudinal Stick

Full aft to full forward
Cyclic pitch range

Lateral Stick

Full left to full right
Cyclic pitch range

Collective Pitch Control Stick

Full down to {ull up
Cyclic pitch range (at 0. 75R)

Pc¢dals

Full right to full left
Pitch range

90. 0 ft

6,359 sq ft

60. 0 in.

0.106

-8°

3

0

4, 2%

5° fwd

221, 04" ib/blade

NACA 0018 from root to 75% radius;
NACA 0014 from 75% radius to blade tip.
750 ft/sec

675 ft/sec

324 in.

44. 4 in.

88. 8 in.

150. 0 sq ft

30°

4.8

-5° (nose down)
NACA 0012

200. 0 in.
87. 8 in.
163. 0 in.
175.0 8q ft
20°

1. 58

NACA 0012

12.0 1n.
14° fwd, 14° aft

12.0 in.
6° left, 6° right

9.5 in.
1° to 14°

£3. 25 in.
£25°
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TABLE IV

HEAVY-LIFT HELICOPTER MASS PROPERTIES

Center of Gravity

(in.)

Inertia
(slug feetz)

Weight Fuselage Butt  Water
Condition (1b) Station Line liine Pitch Roll Yaw

Configuration 2

20-ton external - sling 62,900 377.2 0 115.9 203,361 37,418 172,970

7-ton transport - internal 39,900 377.6 0 121.3 279,097 39,562 250,988
Configuration 3

20-ton external - sling 65,700 385. 8 0 113.9 232,812 50,383 204, 233

12.ton transport - internal 52,700 386. 8 0 110.4 364,095 56,994 335, 869
Configuration 4 .

20-ton external - sling 66,900 330.2 0 174, 1 235,555 49,303 210, 644

TABLE V

HOVER HANDLING CHARACTERISTICS IN PITCH

Angular Velocity Damping

Angular Response

(Degree of Angular Displacement at

{ft-1b/rad/sec) End of One Second Per Inch Control)

Minimum Minimum
Heavy- Lift Helicopter Heavy-Lift Requirement Heavy-Lift ‘Requirement
Configuration Helicopter per MIL-H-8501A Helicopter per MIL-H-8501A
Configuration 2
20-ton external 73,630 41,995 3.88 1.13
load - sling
7-ton transport 58, 386 51, 896 3,57 1.31
- internal
Configuration 3
20-ton external 76,060 46, 200 5.39 1.1]
load - sling
12-ton transport 67,570 63,510 3, 24 1.19
- internal
Configuration 4
20-ton external 71,170 46, 750 4,78 1.10

load - sling
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The angular response in roll for the HLH for all conditions investigated
is approximately three times greater than the roll response requirements
of MIL-H-8501A, and yet does not exceed the maximum allowable roll
rate of 20 degrees per second per inch of stick of that specification, For
full con’rol displacement from trim, the roll response available is again
superior to MIL-H-850]A requirements, This high control power and
corresponding high rotor damping will provide the Hot Cycle HLH with
excellent handling characteristics in roll,

HANDLING CHARACTERISTICS IN YAW

Table VII presents the angular response in yaw for the three basic con-
figurations of the HLH based on a common yaw fan thrust of 70v pounds
per inch of pedal. As can be seen, in all configurations investigated,
the angular response in vaw of the HLH exceeds the MIL-H-8501A
requirements. Analysis also shows that the yaw response at the most
critical azimuth angle, relative to a 35-knot wind, is superior to
MIL-H-8501A requirements,

TABLE VII
HOVER HANDLING CHARACTERISTICS IN YAW

Angular Response

(Degree of Angular Displacement at
End of One Second Per Inch Control)

Minimum
Heavy- Lift Helicopter Heavy- Lift Requirement
Configuration Helicopter per MIL-H-8501A

Configuration 2

20-ton externa! load - sling 5. 41

7-ton transport - internal 3.79 3.19
Configuration 3

20-ton external load - sling 4. 61 2.71

12-ton transport - internal 2.92 2.91
Configuration 4

20-ton external load - sling 4. 46 2.70

The angular velocity damping in yaw for the Hot Cycle heavy-lift helicop-
ters is low because of the relatively small size of the yaw fan, which is
required only for yaw control. This characteristic, which is typical for
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all tip-driven helicopters, is not expected to produce any adverse handling
characteristics based on company experience with the tip-driven XV-9A
helicopter. The heavy-lift helicopter utilizing a yaw fan will have damp-
ing superior to that of the XV-9A (with yaw jet control) and will result in
greatly improved handling characteristics.

FORWARD FLIGHT CHARACTERISTICS

LONGITUDINAL MANEUVER STABILITY

The longitudinal maneuver stability characteristics of the three basic
configurations considered for the Hot Cycle heavy-lift helicopter were
determined with the aid of Reference 13, Since the maneuver stability
parameter angle of attack stability (Mu) is dependent on cg location, the
critical condition of maximum aft cg was considered, Figure 15 presents
the results of the maneuver stability analysis for the HLHK atu = 0,30
(forward flight speed of approximately 120 knots). As can be seen, the
results show that all three configurations of the heavy-lift helicopter
remain on the stable side of the boundary line for all of the representa-
tive flight conditions, Thus, the HLH will have good maneuver charac-
teristics. This excellent longitudinal stability is primarily attributed to
the relatively large horizontal tail provided in the design.

DIRECTIONAL STABILITY
The combination of the yaw fan control and large vertical tail will pro-

vide the Hot Cycle heavy-lift helicopter with good directional stability
and control characteristics in cruise flight,
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DAMPING IN PITCH PARAMETER,

Y

S

ymbol Condition
Configuration 2
A 20-ton external (wling)
K 7-ton internal

Configuration 3

Sca Level Std Day

(o) 20-ton external (sling) ) Vg = 120 kn
8 }2-ton transport (internal) V= 675 ft/sec
O Configuration 4 o= 0.30
20-ton external (sling)
|
N
Unstable
0
g 21
o
A o
-2
Stable
=55
-4
-3 -2 -1 0 | 2 3
M
Q

ANGLE-OF-ATTACK STABILITY PARAMETER, T

y

Figure 15. Longitudinal Maneuver Stability Criterion.

38



ROTOR SYSTEM

The primary objective of this program was to define the optimum Hot
Cycle rotor for the heavy-lift helicopter. This objective has been achieved
by analyzing the results of a parametric study to determine the cffect of
varying the many characteristics of the rotor, such as rotor diameter,
tilting or articulated type of hub, number and sizc of blades, tip speed,
blade structural arrangement, internal or external flight controls, and
airfoil shape. The rotor systems were further evaluated by considering
thern installed on several aircraft configurations. The results upon which
the sclection of the optimum rotor was based are discussed in detail in
the Farametric Study section of this report. The study has indicated that
a rotor as small as 80 feet in diameter, when installed on the minimum
airframe, will result in a helicopter that will weigh approximately 18, 000
pounds empty and will exceed all mission requirements of range and pay-
load by 20 to 30 percent. However, for the integrated preliminary design,

i e [ I gatin .

a larger diameter rotor -- 90 feet -- has been selected for disc loading 4
considerations and as the rotor that is more nearly optimum for all of the
aircraft configurations studied. The selected rotor is defined in Table VIIIL 3
TABLE VIII ;
SELECTED OPTIMUM ROTOR CHARACTERISTICS !
Type of hub Articulated
Flapping hinge offset 22-1/2 in.
Lead-lag hinge Blade station 66-1/2
Controls External
Rotor diatneter 90 ft
Blade chord 60 in,
Blade section
Root to 0. 75R NACA 0018
0. 75R to tip NACA 0014
Blade spar location 25% chord
Blade duct configuration Figure-8
Rotor tip speed
Hover 750 ft/sec
Cruise 675 ft/sec
HUB DESIGN

The parametric study considered two basic types of hub: the fully artic-
ulated hub with offset flapping hinges and the tilting type as used on the
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XV-9A Hot Cycle helicopter with hub restraint added to provide the nec-
essary control power. Two variations of these basic types -- namely,
with internal or external controls -- were also evaluated. A rigid-type
rotor was also considered but was abandoned because of its inherent
structural problems and the resultant weight increase. The hubs evalu-
ated are described in more detail in the Parametric Study section of this
report. The articulated hub was selected for the optimum rotor because
of its clear-cut advantage over the tilting type in the areas of light weight
and lower drag. The external controls were selected because they were
determined to be lighter, less complicated, and more rigid.

The selected hub is shown in Figure 16. This configuration allows coaxial
gas ducts to be routed uninterrupted up through the center of the hub
assembly. As the ducts approach the blade level, they are split off into
three pairs of ducts, one duct from each engine. This arrangement
allows the engine output to be completely separated from gas generator

to blade tip nozzles.

Located just outside of the coaxial ducts is the rotating housing portion
of the hub. Thermal protection is provided by insulation applied to the
ducts and by centrifugally pumped cooling airflow between the insulation
and housing. A ring gear is installed on the lower rim of this housing to
drive the accessory gearbox.

A pair of angular contact bearings offset vertically is used to carry rotor
lift loads and moments from the rotating housing into the stationary mast,
which in turn is attached to the fuselage through a tubular truss. The
vertical offset of the bearings, plus the additional effective distance sup-
plied by the contact angle, provides a generous couple arm to accommo-
date applied rotor moments. Lift is taken by the lower pair of bearings,
and any download is reacted through the single upper bearing. Bearings
are lubricated by a circulating oil system.

The stationary mast, in addition to its function as the rotor support, acts
as the guide and sliding surface for the spherical bearing on which the
swashplate tilts for cyclic inputs and moves vertically for collective
motion. The swashplate is of conventional configuration, utilizing an
angular contact bearing assembly to provide for the loads between the
rotating and stationary swashplates.

The main structural members in the blade retention system and hub
assembly provide a direct load path for the centrifugal force and lift loads
from the three blades. The retention system consists of a lead-lag strap
pack that attaches the inboard end of each blade spar to the flapping
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retention strap pack and allows lead-lag motion of the blade. The flapping
strap packs are attached to the hub plate, wherein the centrifugal loads
from the three baldes are cffectively cancelled out. Only the unbalanced
lift and in-plane loads remain to be carried through the support attachment
to the mast. A torque box extends from the flapping axis out to the lcad-
lag hinge point at cach blade. This torque box transmits feathering motion
from the swashplate to the blade. The torque box is connected torsionally
to the blade across the lead-lag hinge points through two flexures offset
vertically to provide the torsional load path.

The lead-lag hydraulic damper is installed between the blade leading edge

structural member and the torque box. Threce stages of darnping are pro-
vided, so that damping is increasrd in steps as the lcad-lag oscillation
increases.

BLADE DESIGN

The blade designs considered in the parametric study were dictated to a
large extent by duct configuration. Essentially, the parametric study
resolved the tradeoff between duct area and blade weight for the different
duct shapes evaluated. Three basic duct shapes were considered. The
first configuration considered was the elliptical-shaped ducts as used on
the XV-9A Hot Cycle helicopter, where the ducts were an integral part

of the blade segment; the second, round ducts; and third, figure-8 ducts.
The figure-8 ducts were selected as the most efficient configuration. A
more detailed description of these blade duct configurations is to be found
in the Parametric Study section of this report.

The structural arrangement of the selected blade is made up of a single
spar, leading edge member, and segmented 2ssemblies of sandwich-type
skin and ribs joined spanwise by flexible couplings (Figure 17). The pairs
of gas ducts are routed through the blades, one forward of the spar and
one aft. A segmented trailing edge fairing completes the blade structure.
The spar is located on the 25-percent chord and extends the full length of
the blade from the lead-lag flexure on the inboard end to the cascade at
the blade tip.

The spar area required at each spanwise blade station is determined by
and is proportional to the centrifugal force. The flapwise stiffness, that
is, moment of inertia, required at each spanwise station is determined
by the ground flapping condition. The spur area is apportioned at each
spanwise station to meet, but not exceed, the required stiffness. Exceed-
ing the required flapwise stiffness would result in undesirably high in-
flight flapwise bending moments. All flapwise shear and moments are
taken by the spar. The required chordwise balance weight, located in
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Segment Assembly

Bonded Trailing Edge Assembly
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Figure 17. Blade Assembly.
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the leading edge, is utilized as a continuous structural member extending
from the lead-lag damper at the inboard end to the blade tip. The leading
edge member is designed to take chordwise shear and, coupled with the
spar, provides a load path for the blade chordwise moment.

The spanwise segments are approximately 20 inches in length and are
made up of corrugated titanium skin assemblies and Inconel 718 ribs. The
flexures join the segments to each other to provide a load path for blade
torsion as well as to provide the necessary flexibility to prevent bending
stresses from being induced into the skin panels. Trailing edge fairing
segment assemblies are also interrupted spanwise for the same reason,
and are fabricated from thin-gage aluminum skin bonded to internal ribs,
a configuration similar to the XV-9A.

FLIGHT CONTROL DESIGN

Two basic flight control configurations were considered. One configura-
tion utilized a swashplate located below the rotor witi. the push rods
extending up through the center of the gas ducts to walking beams that were
connected to the blade lift links. The other configuration used a swash-
plate assembly large enough to be installed outside of the ducts and hub
structure with the lift link attached directly between the swashplate and
blade pitch arm. This latter configuration was selected because of its
greater rigidity, simplicity, and resulting lower weight. It also required
a smaller fairing, inasmuch as the walking beams increased the size of
the required fairing. Three hydraulic servo-controlled cylinders power
the flight controls. They are operated in such a manner that for collec-
tive pitch they act in unison and for cyclic pitch they act differentially.
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PROPULSION SYSTEM

The design of the propulsion system places emphasis on simplicity, relia-
bility, and safety in an ¢asily muintainable twin-engine installation. These
factors are inherent in the Hot Cycle propulsion system, in which high-
energy gas is diverted from the engine exhaust up through the hub to the
tip of each blade, where it is exhausted to drive the rotor (Figure 18).
Conversion of the basic helicopter propulsion system to the compound
helicopter propulsion system can be accomplished in the manner shown

by Figure 19,

DESIGN CHARACTERISTICS

The primary advantage of the Hot Cycle propulsion system is its simplic-
ity, with the resulting advantages of light weight and reliability gained by
the elimination of many heavy and complex dynamic components required
by other types of propulsion systems. The increased reliability achieved
is a significant feature of the Hot Cycle propulsion system. The extreme
scatter of failure lifetimes fouird in conventional drive system elements,
such as bearings, gears, couplings, shafts, and clutches, is well recog-
nized throughout the rotary-wing and propulsion industries. Conversely,
the low incidence of failure with conservatively designed ducted propulsion
systems has been well established, particularly in jet-engine technology.
Thus, comparison with the more complex shaft-driven helicopters using
the many complex dynamic components emphasizes the simplicity and
resulting increas~ in reliability and safety of the Hot Cycle rotor.

HOT GAS DUCT SYSTEM

The knowledge and experience gained from the successful XV-9A Hot Cycle
program have been utilized .n the design of the hot gas system. Additional
factors of safety have been applied to the design of all pressurized hot gas
ducting, and only materials with excellent corrosion resistance and crack-
propagation resistance are used. Isolation of both thermal and structural
strains is provided in the design of the hot gas ducting system, through
proper design of mounts, reinforcements, and flexible joints. In addition
to the isolation of both hot and cold components from a structural view-
point, insulation and cooling airflow preclude any possible detrimental
effects from the interaction of the hot and cold components. Further,
thermal differential expansion in the primary structure is reduced by
using materials of similar thermal expansion rates. Transient thermal
effects in the hot gas system are minimized by detail design to assure
even heat-up and cool-down of the components. The materials used in
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the hot components are standard production materials having wide usage
in the jet engine industry and do not require the development of new
technology.

The gas output of each engine for the two-engine configuration is ducted
separately from engine to blade tip by coaxial gas ducts through the hub
and through separate ducting in the blades, shown schematically in Fig-
ure 20. The use of separate outlets negates the problems associated with
engine mismatch and thereby eliminates the necessity for power matching
of engines and the need for blade-tip closure valves.

The exhaust gas flows from cach engine through diverter valves that either
divert the flow overboard for engine starting or direct the flow up through
hub and blades for rotor operation. The engine and diverter valve are an
integral unit. The seal above the diverter valve permits rotation between
the stationary duct and its counterpart in the rotating system. As it
emerges from the hub, the gas flows out three pairs of parallel ducts,
separated to provide the necessary clearance for the hub and blade reten-
tion straps, through a transition section, and into the blade constant sec-
tion. At the blade tip, the gas is turned 90 degrees by the cascade vanes
and ejected at the trailing edge. All the ducts are insulated to reduce heat
flux; bellows are utilized to allow for thermal expansion; articulating ducts
and seal assemblies at the blade root are installed to permit blade feather-
ing, flapping, and lead-lag motion.

ENGINE INSTALLATION

Two engine installations were evaluated in the parametric study. The
primary power source considered utilized two General Electric GE1/J1
gas generators, shown in Figure 20. An alternate installation utilizing
four General Electric GE T64/S4B gas generators was also surveyed and
is shown schematically in Figure 21. Subsequent to completion of the
parametric study, data on the Pratt and Whitney STF240C gas generator
has become available, and it appears to be interchangeable with the
GE1/J1 without any major changes to the propulsion system installation
or aircraft configuration.
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WEIGHTS

The favorable performance of the Hot Cycle rotor is a direct result of the
simplicity and inherent light weight of this propulsion system. Since the
propulsion system is lighter, the gross weight is lower and requires a
smaller rotor, which results in an even lower gross weight. This coin-
pounding effect produces a low empty weight and a high payload-to-empty
weight ratio.

The weight estimation for the Hot Cycle heavy-lift helicopter configura-
tions noted in Table IX has been based on data compiled from analytical
and statistical studies and was carried out in two parts. The first task
was to develop weight equations for the parametric study from existing
statistical data and preliminary layouts. The second task was to calcu-
late the weight of the selected optimum rotor detail design. Upon com-
pletion of these tasks, it was found that the rotor weight as obtained by
the equation using an estimated running blade weight was higher than the
rotor weight as obtained by the detailed analysis. This difference was
the result of refinement and optimization of blade design subsequent to
the development of equations for the parametric study. Good agreement
is obtained when the lower running blade weight of the optimized design
is used in the weight equation. The detailed weight analysis summarized
in Table X shows the selected rotor weight to be 5, 440 pounds, and apply-
ing the parametric equations to the same rotor results in a weight of
5,475 pounds when the calculated running blade weight is used. The tail
group, flight controls, and propulsion group weights for the preliminary
design have been changed from those used in the parametric study to
reflect a more realistic distribution of weight. A summary weight state-
ment per MIL-STD-451 Part I may be found in Appendix L

SUBSTANTIATION OF WEIGHT EQUATIONS - HELICOPTER

The helicopter group weights and equations used in the parametric study
and preliminary design are based on data compiled from analytical and
statistical studies of numerous production and proposed helicopters. Con-
ventional methods have been employed in arranging the various param-
eters used to obtain meaningful expressions that result in reasonable
weight estimates. Also used to the greatest extent possible was the
invaluable data and experience gained in the development of the Hot Cycle
XV-9A research vehicle. The success achieved in obtaining reasonable
correlation with actual data has verified the validity of the equations
developed and presented herein.
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TABLE IX
CONFIGURATION WEIGHT SUMMARY

Rotor radius

Chord

Design tip speed, V;
Ultimate load factor

45 ft
60 in,
750 fps
3. 75 (heavy-lift mission)

Configuration
2 3 4
Rotor group 5,440 5,440 5,440
Tail group 970 992 998
Hover-yaw group 193 197 198
Fuselage 2,843 3,615 3,575
Alighting gear** 2,185 2,300 2,852
(2, 810%)
Flight controls 1,414 1,445 1,454
Hydraulic and pneumatic 711 731 735
Electrical 742 749 752
Propulsion (includes 2 each GE-1
engines) 2,971 2,971 2,971
Instruments 180 180 180
Electronics 150 150 150
Furnishings and equipment 300 300 300
Air conditioning and anti-icing 100 100 100
Cargo-handling equipment 1,400 1,400 1,400
WEIGHT EMPTY 19,599 20,570 21,105
(21, 080%*)
Crew (3-man) 600 600 600
Crew kits 50 50 50
Oil 30 30 30
Unusable fuel 100 100 100
OPERATING WEIGHT 20, 379 21,350 21, 885
(21, 860%)
Heavy- Lift Mission:
Payload (20-ton) 40, 000 40, 000 40, 000
Fuel 3,901 4,131 4, 312
GROSS WEIGHT 64, 280 65,481 66,197
(65, 991%)
Transport Mission:
Payload (12-ton) 24,000 24,000 24,000
Fuel 7,881 6,884 _8,272
GROSS WEIGHT 52,260 52,234 54,157
{52, 744%)

*Retractable landing gear.

**Landing gear weight was based on the maximum gross weight associated
This was obtained by dividing the

with a limit load factor of 2-1/2 g.

product of the mission gross weight x load factor by 2-1/2.

the ferry mission was critical.

In all cases,
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TABLE X

__ROTOR GROUP SUMMARY

Weight
(1b)
Blade*
Constant section 848.8
Transition section 57.2
Torque box 92.5
Tension strap (flapping) 40.5
Lead-lag flexure 21.3
Stub spar 28. 6
Sealant, finish, etc 5.3
Blade to hub truss 26.2
Droop stop 18.2
Damper 66. 0
Damper arm 4.5
Articulated duct 68. 0
Fairing over torque box 16.0
Damper attachment 4.8
Total 1 blade 1,298
x 3
Total 3 blades 3,894
Hub and Shaft
Hub 369
Hub support 37
Droop stop support 27
Fixed shaft 334
Rotating shaft 280
Upper bearing, seal, retainer 101
Lower bearing, seal, retainer 356
Feathering bearings 17
Hub fairing 24
Total hub 1,545
Total rotor group 5,439

*Blade balanced chordwise 23 percent at the tip to 28 percent at the root.

53

. Bk g o hy




MAIN ROTOR GROUP WEIGHT EQUATION

‘The main rotor group equation is based on the statistical and analytical
study performed by HTC-AD and published in Reference 14. The equa-
tion developed is a power function expression relating total rotor group
weight to the total ""idealized'' blade weight (Wgy;) and rotor tip speed
(Vi¢). The'"idealized'blade weight is defined as the weight of the blade
less the weight of the retention system, root fittings, doublers, and so
forth. These data were obtained or determined from published detailed
weight statement reports of numerous helicopters, based on actual or
calculated weights.

A power function analysis was performed on the basis of these data,
resulting in the following equation that gives the best fit curve for the
plotted points of Figure 22:

bW 0. 896 v 0. 80
w_= B|-—2Y =L (1)
r 1,000 700
where
Wr = total rotor group weight, 1b
b = number of blades
wBU = ideal blade weight, 1b per blade
Vt = rotor tip speed, maximum power on, ft per sec
B = 2,282 = constant for best fit of statistical data

This equation is used as the basis for establishing the relationship of the
total rotor group weight to blade weight for each of the Hot Cycle rotor
configurations investigated in the parametric study. An estimated rotor
size of 94-foot diameter was chosen; and through detailed design layouts
and analysis, estimated weights were obtained for the blades, retention
system, hub, and rotating controls. From this data, with idealized blade
weight (Wgy;) and total rotor group weight (W,) being known quantities,
the specific value of coefficient B was then determined as follows for the
various hub and shaft configurations:

oW 0. 896
B = W, *\Tooo (2)

when tip speed (Vt) = 700 feet per second.
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TOTAL ROTOR GROUP ACTUAL WEIGHT - LB (Wg)

100, 000
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¥
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Figure 22. Total Rotor Group Actual Weight Versus Equation Results.
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Hub Type Shaft BU=* hub + retention* r 1,000 B
Tilting Internal 5,670 4,657 10, 327 4, 80 2,170
Tilving External 5,670 5,957 11, 627 4,80 2,440
Articulated Internal 5,160 3,351 8,511 4. 36 1,980
Articulated External 5,160 3.190 8, 350 4, 36 1,940

The equivalent coefficient for the XV-9A unrestrained tilting-hub internal
shaft rotor system is 2,130. The two-percent weight increase obtained

in the tabulated value of B for the similar configuration above (tilting-
internal) is attributed to the increased loads obtained in a restrained hub.
The articulated hub system with its more direct loid paths and lower
chordwise loads is predictably lighter than the XV-9A system, by as much
as nine percent,

TAIL GROUP EQUATION

This equation includes only the weight of the horizontal and vertical sur-
faces required for flight stability and control.

Qualitative stability studies at HTC-AD coupled with actual experience
derived in the testing of the XV-9A Hot Cycle research vehicle indicate
that the total surface of the tail should be on the order of 5. 50 square feet
per 1,000 pounds of gross weight.

The equatioa used in the parametric study conservatively assumes a unit
weight of 3. 50 pounds per squire foot and is derived as follows:

w - 5:50(3.50) W

oL 1000 = 0.0193 wg (3)

where W8 = design gross weight.

A later review of aircraft tail group data revealed that the unit weight
used was too conservative. This conclusion is based on investigation of
tail surface weights within the size, gross weight range, and speeds being
considered. A more realistic unit weight of 2. 75 pounds per square foot
would result in a revision of the original equation as follows:

5.50 (2.75)

th = 1,000 W8 = 0.0151 Wg (4)

*Calculations based on layouts (b = 3 blades).
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HOVER-YAW GROUP EQUATION

The equation used in the parametric study was derived by estimating the
weight of a tail rotor system required for the tip-driven rotor vehicles
being studied. The weights were sized from comparable componencs used
on the OH-6A helicopter. The following data were used to obtain the esti-
mated weight changes noted.

DESIGN DATA

Comparison of Heavy- Lift Helicopter and OH-6A Hover-Yaw Systems

Heavy- Lift

OH-6A Helicopter
Rotor radius, f{t 2.13 4, 00
Number of blades 2 6
Design tip speed, fps 694 720
Blade chord, in. 4 81 10.0
Rotor solidity 0.116 0. 357
Design gross weight, 1b 2,400 60, 000
Hover-yaw system: weight, 1b 25.0 179.7

A rational analysis of the comparative data shown above was performed
to obtain weights for the various heavy-lift helicopter hover-yaw compo-
nents shown, based on the comparable OH-6A weights. The tail rotor and
hub weights were determined from blade radius, solidity, and centrifugal
force considerations. Drive shafting and coupling weights were based on
ratios of transmitted torque and length. The gearbox weights were based
on statistical weight studies performed by HTC-AD involving torque, gear
ratios, and speeds as parameters. The resulting heavy-lift helicopter
weights, obtained by the methods described, totaled 179. 7 pounds.

Complexity in a hover-yaw group equation is not warranted, in view of

its small influence on gross weight. Assuming, therefore, that the grcup
weight varies directly with gross weight for the heavy-lift parametric
study, the equation used is as follows:

_179.7
Why = 60,000

W = 0.003W (5)
g 8
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FUSELAGE WEIGHT EQUATIONS

Configuration 2 Fusclage Equation

The original development work of the fuselage weight equations used in the
parametric study was performed by HTC-AD under contract AF33 (616)-
3149 and published in Reference 15. This report illustrates the correlation
between fuselage weight and the fundamental design parameters describ-
ing helicopter vehicles; namely, gross weight (Wg). rotor radius (R),

and ultimate load factor (n). The three basic fuselage curves developed

in the report are shown in Figure 23 for reference. The equation of inter-
est in the parametric study for use on single-rotor tip-driven helicopters
carrying cargo externally is:

wb - 7.2 R ng. 178 nO. 089 (6)

The equation for configuration 2 streamlined fuselages with length-to-
radius ratios of 2. 0 was verified by a preliminary sizing from a structural
analysis of the fuselage. A gross weight of 60, 000 pounds and a rotor
radius of 47 feet were assumed, using an ultimate load factor of 3. 75.
Floor weight was assumed as 1.5 pounds per square foot. The resultant
weight distribution and integration are shown in Figure 24, and the results
are plotted in Figure 23. The actual fuselage weight of the XV-9A Hot
Cycle research vehicle is also plotted after being adjusted to a length-of-
fuselage to rotor-radius ratio of 2. 0 from 1. 6. The points fall close to
the fuselage equation curve, verifying its slope and intercept.

An additional 150 pounds was added to this, and the other equations, to
account for the rotor mast fairing unaffected by parametric considera-
tions. The final equation for the configuration 2 fuselage is then revised
and used as follows:

0.178 _0.089
n

W, = 7.42R w8 + 150 (7)

b
The relatively low weight of the configuration 2 streamlined fuselage
results primarily from the efficient structural shape. In addition, the

fuselage is designed to transport a maximum of 7 tons of payload internally.

Configuration 3 Fuselage Equation

The basic difference between this fuselage and configuration 2 is that the
fuselage cross section is larger to allow for internal cargo capability to
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12 tons. The fuselage equation for configuration 3 was developed from the
previous equation by including the effects of the larger fuselage. This was
done on the basis of wetted area. On this basis, the configuration 3 fuse-
lage weight would increase 23. 4 percent over that of a configuration 2
fuselage of similar length.

An increase in floor structure unit weight to 2. 00 pounds per square foot
is allowed because of increased floor beam width and floor utilization.

The combined effects of these changes applied to the configuration 2 fuse-
lage equation develop an equation for configuration 3 as follows:

W, = 9.51R w8°' 178 10.089 . 150 (8)

An independent structural analysis similar to that performed on configura-
tion 2 produced the weight distribution curve shown in Figure 25. A plot
of this weight in Figure 23 shows that close agreement exists between the
two methods employed to obtain a fuselage weight.

Configuration 1 and Configuration 4 Fuselage Equation

The configuration 1 and configuration 4 crane fuselages are identical in
all respects except in the manner in which the mission payloads are car-
ried; configuration 1 uses a detachable cargo pod in operation.

A weight comparison was made of three crane-type fuselages: the XH-17,
S-60, and S-64. Also used was the weight data obtained from detailed
design efforts by HTC-AD on the XH-28 heavy cargo crane. The weight
study applied the same parameters used to develop the previously dis-
cussed equations. The results are plotted in Figure 23.

Two primary design differences are involved in these crane-type ships.
First, the shaft-driven cranes require large tail rotors to provide the
high reacting torques required to balance out the main rotor transmission
torque. These larger tail rotors must be mounted high for ground clear-
ance, and such mounting imposes high torsional loads in the fuselage.
These high bending and torsional loads are not present in tip-driven rotor
cranes. Second, the tip-driven helicopters used in this comparison have
lower ratios of fuselage length to rotor radius than the shaft-driven
cranes, since a large tail rotor is not required, and are therefore lighter.

These considerations resulted in the following equation:

W. = 9.39R ng. 178 n0. 089

e + 150 (9)
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ALIGHTING GEAR GROUP WEIGHT EQUATIONS

The conventional method of expressing alighting gear weight as a direct
function of design gross weight was used in this report. Figure 26 estab-
lishes the validity of the fixed landing gear equations based on actual data,
which are as follows:

Fixed long gear for Wl = 0.046 W (10)
configurations 1 and 4 g g
Fixed short gear for ng = 0.035 Wg (11)

configurations 2 and 3

The retractable landing gear equations assume a retraction system weight
penalty of 0. 010 W_ and 0. 013 W_ for the short and long gears, respec-
tively. The larger weight penalty for the long gear is based on the
increased complexity of the retracting mechanism.

FLIGHT CONTROLS EQUATION

The flight controls equation includes all cockpit controls, rotating and
nonrotating rotor controls, and tail rotor and surface controls.

The equation used in the parametric sizing program reflects the prelimi-
nary weight estimates of the flight controls system, based on a 60, 000-
pound-gross-weight vehicle with a rotor radius of 47 feet. The equation
assumes a direct relationship with gross weight and was based on design
data available at the time that the computer program was being prepared.
Since that time, these data have been reviewed, with some weight adjust-
ments being made.

Summarized in the tabulaticn below is a comparison of this data as well as
actual weights on the XV-9A helicopter.

XV-9A Parametric Study Preliminary Design
Actual Weight Controls Weight Controls Weight
(1b) (1b) {1b)

Cockpit controls 29 30 30
Intermediate linkages and

controls - rotor and tail 92 160 160
Hydraulic cylinders and mounts 89 190 340
Rotor head controls 584 620 807

Swashplate assembly 104 492 679

Links, bellcranks, and supports 480 _ 128 128
Total flight controls 794 1,000 1,337
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The parametric study flight control weight equation based on preliminary
weight estimates was derived as follows:

w
= —& ) -
W, = 1,000 (60. 055 ) 0.0167 W (12)

As a result of later weight data, the equation has been revised as follows
for the preliminary design effort:

w
= —g— =
W, = 1,337 (60' 060 ) 0.022 W (13)

Figure 27 shows a plot of this equation as well as flight controls weights of
articulated single-rotor shaft-driven helicopters.

HYDRAULICS AND PNEUMATICS GROUP EQUATION

The hydraulics and pneumatics group weight equation was derived from
weight data plotted versus design gross weight and shown on Figure 28.
The equation of the best fit curve is:

1.28

w
— K
wh = 3, 45(1'(,00) (14)

Examination of plotted data indicates that this equation adequately repre-
sents the weight trend of hydraulic systems with gross weight.

ELECTRICAL GROUP WEIGHT EQUATION

As in the previous equation, the electrical group weights of numerous
helicopters were plotted versus gross weight, as shown in Figure 29.
The equation of the curve is expressed as follows:

0.55

w
_ —58
wel - 75<1,ooo> (15)

FIXED-WEIGHT COMPONENTS

The following weights, common to all configurations, have been estab-
lished from preliminary weight estimates and from comparisons with
helicopters performing similar missions. These componsnts are assuined
to be of constant value for the range of gross weights under consideration.
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